abstract: Real-time quantitative RT -PCR (qRT -PCR) is a powerful technique used for the relative quantification of target genes, using reference (housekeeping) genes for normalization to ensure the generation of accurate and robust data. A systematic examination of the suitability of endogenous reference genes for gene expression studies in endometrial cancer tissues is absent. The aims of this study were therefore to identify and evaluate from the thirty-two possible reference genes from a TaqMan w array panel their suitability as an internal control gene. The mathematical software packages geNorm qBasePLUS identified Pumilio homolog 1 (Drosophila) (PUM1), ubiquitin C (UBC), phosphoglycerate kinase (PGK1), mitochondrial ribosomal protein L19 (MRPL19) and peptidylpropyl isomerase A (cyclophilin A) (PPIA) as the best reference gene combination, whilst NormFinder identified MRPL19 as the best single reference gene, with importin 8 (IPO8) and PPIA being the best combination of two reference genes. BestKeeper ranked MRPL19 as the most stably expressed gene. In addition, the study was validated by examining the relative expression of a test gene, which encodes the cannabinoid receptor 1 (CB1). A significant difference in CB1 mRNA expression between malignant and normal endometrium using MRPL19, PPIA, and IP08 in combination was observed. The use of MRPL19, IPO8 and PPIA was identified as the best reference gene combination for the normalization of gene expression levels in endometrial carcinoma. This study demonstrates that the arbitrary selection of endogenous control reference genes for normalization in qRT-PCR studies of endometrial carcinoma, without validation, risks the production of inaccurate data and should therefore be discouraged.
Introduction
Real-time quantitative RT -PCR (qRT -PCR) is a very sensitive tool applied widely to the study of molecular factors involved in many biological processes, including the initiation of endometrial cancer and its progression (Burns et al., 2006) . It has been used to evaluate and identify several molecular markers associated with the stage of the cancer, its metastatic potential and prognosis (Wong et al., 2008; Porichi et al., 2009) . Furthermore, qRT -PCR has increasingly replaced RT-PCR and northern blotting for the study of transcript levels in various cancers because it is highly sensitive, specific, easy to use, fast, reproducible and has a higher throughput (Radonic et al., 2004; Huggett et al., 2005; Mishima et al., 2006; Blazquez et al., 2008) . For the results generated with qRT -PCR to be valid, however, sources of error such as differences in the quantity and quality of extracted RNA, the presence of contaminating genomic and operator DNA, and differences in reverse transcription and gene PCR efficiencies must be eliminated (Bustin, 2000 (Bustin, , 2002 Romanowski et al., 2007) . To ensure consistency and reproducibility of published data the 'Minimum Information for publication of Quantitative real time PCR Experiments' (MIQE) guidelines recommend that the justification of choice and number of reference genes should be an essential part of all qRT -PCR studies, helping to guarantee the normalization of resulting data. The reference gene ('endogenous control gene') should be one whose expression is stable in all samples, regardless of tissue type, disease state and disease progression and/or treatment Bonefeld et al., 2008) . This pivotal normalization step, where a reference gene compensates for any variations in experimental conditions, tissue composition or cellularity, is essential because both the gene of interest and the reference gene are being exposed to the same experimental conditions. A single 'best' reference gene is therefore unlikely in practice, as it has been noted that almost all genes are modified under some conditions (Kubista et al., 2006) .
Endometrial cancer remains an important cause of morbidity and mortality. In the UK, data from Cancer Research UK showed that 8500 new cases were diagnosed in 2011 and 1930 women died from it in that year whilst in the USA there were 47 130 new cases with 8010 deaths (American Cancer Society, 2012) . The International Agency for Research on Cancer, through the GLOBOCAN series, estimated that there were 287 000 new cases and 74 000 deaths from endometrial malignancies worldwide in 2008 (Ferlay et al., 2010) . Despite improved overall survival rates, the incidence of endometrial cancer has risen by 40% and deaths from it by 20% over the past 20 years (Cancer Research UK Cancer Statistics, 2012) , primarily because its aetiopathogenesis is complicated and not fully understood. This situation is further compounded by an ageing population and increasing rates and severity of obesity (National Comprehensive Cancer Network Guidelines, 2013) . Pathologically, endometrial malignancies can be divided into two types; type I (low grade estrogen-dependent) and type II (the most aggressive estrogenindependent) tumour (Bokhman, 1983) . qRT-PCR studies of these cancers are therefore likely to unravel the molecular factors involved in its aetiopathogenesis.
In previous qRT -PCR studies of endometrial cancer, normalization has mostly been performed with seemingly arbitrarily chosen reference genes, such as b-actin (ACTB) (Papageorgiou et al., 2009; Guida et al., 2010) , glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Du et al., 2009; Kashima et al., 2009) or 18S RNA ribosomal unit 1 (18S) (Baldinu et al., 2007) . Although numerous studies have established the best endogenous references genes in both normal human and animal endometria during the menstrual and oestrous cycles (von Wolff et al., 2000; Walker et al., 2009; Klein et al., 2011; Vestergaard et al., 2011; Gebeh et al., 2012a; Sadek et al., 2012; Jursza et al., 2014) , and when studying other gynaecological tissues (von Wolff et al., 2000; Vestergaard et al., 2011; Gebeh et al., 2012a; Sadek et al., 2012) , to the best of our knowledge, there have been no studies that have evaluated the suitability of these genes as possible reference genes in qRT -PCR studies on endometrial cancer, despite the recommendations from the MIQE guidelines (Bustin et al., 2009) . Although the selection of endogenous control reference genes for microRNA expression studies in human (Torres et al., 2013) and rat (Jurcevic et al., 2013 ) models of endometrial carcinoma has been reported, none have comprehensively evaluated messenger RNAs (mRNA) in human endometrial cancer of a postreproductive age cohort. What these numerous studies indicate, however, is that an endogenous reference gene or combination of genes in one species or patient group may not be applicable to a different species or patient group and that the best endogenous reference gene or combination needs empirical assessment and validation. Therefore, the aims of this study were to (i) robustly evaluate, identify and validate the best reference genes for qRT -PCR amongst a large panel of 32 potential normalization genes for the quantification of transcripts in a diverse class of endometrial tissues; normal endometrium (atrophic, secretory, and proliferative) and endometrial cancer types 1 and 2 and then (ii) examine the effect of using each of these reference genes on the analysis of expression in endometrial cancer tissues of a test gene (cannabinoid receptor: CB1) in order to highlight any effects that random selection of reference genes might have on data interpretation. The choice of CB1 as the test gene was made because of our group's interest in evaluation of the endocannabinoid system in cancer including sex steroid hormone-dependent cancers, such as endometrial cancer (Ayakannu et al., 2013) . The number of samples taken for each group was also deliberately selected to be small (n ¼ 3) to indicate that correctly validated endogenous reference genes are essential for interpretation of these types of data.
Materials and Methods

Ethics statement
The study was approved and conducted according to the guidelines of Leicestershire and Rutland Research Ethics Committee. Volunteers were women undergoing hysterectomy for endometrial carcinoma (study group) or a benign gynaecological condition, such as uterine prolapse (control group) at the University Hospital of Leicester National Health Service Trust, England, and all provided signed written informed consent to take part in the study. Exclusion criteria were those with concurrent or previous hormonal treatment (such as hormone replacement therapy or the levonorgestrel intrauterine system), or currently on prescription or recreational drugs. Women with chronic medical conditions or any other type of cancer were also excluded.
Subjects
The women were categorized according to the histology of the endometrial biopsy obtained at the hysteroscopy prior to the hysterectomy. All the patients had surgery within 2 weeks of diagnosis. The final histopathological diagnosis was divided into type and grade of cancer, according to the International Federation of Gynecology & Obstetrics (FIGO) system (Mutch, 2009; Pecorelli, 2009) . A total of 15 endometrial carcinomas were studied: type 1 grade 1 endometrioid adenocarcinoma (n ¼ 3), type 1 grade 2 endometrioid adenocarcinoma (n ¼ 3), type 1 grade 3 endometrioid adenocarcinoma (n ¼ 3), type 2 serous (n ¼ 3) and carcinosarcoma (n ¼ 3) of endometrial cancer. Normal endometrial tissues samples (n ¼ 9) were obtained from volunteers who were undergoing hysterectomies for benign indications (prolapse) and were classified into premenopausal secretory phase (n ¼ 3), proliferative phase (n ¼ 3) and post-menopausal atrophic (n ¼ 3) samples.
Tissue collection
Fresh uteri specimens were immediately transported on ice to the histopathology department where the endometrial biopsies from the hysterectomies were obtained and a consultant gynaecology histopathologist divided the endometrial biopsies into two pieces; one for this study and the other for histological confirmation of diagnosis. The endometrial (cancer and normal tissue) biopsies were washed with phosphate-buffered saline to remove excess blood and immediately stored in RNAlater w (Life Technologies, Paisley, UK) at 2808C until further processing.
RNA extraction and cDNA synthesis
Endometrial tissues biopsies (100 mg) in lysis/binding buffer (1 ml lysis/ binding buffer solution per 100 mg of tissues (miRNA Isolation Kit)) were disrupted and homogenized using a TissueRuptor (Qiagen Crawley, UK) homogenizer at medium speed for 60 s on ice. The tissue was homogenized until all visible 'clumps' were dispersed and total RNA extracted using the mirVana TM miRNA Isolation Kit (Life Technologies) according to the manufacturer's protocol. Total RNA was quantified and its purity determined using a NanoDrop 2000c spectrophotometer (Thermo Scientific, Detroit, MI, USA) and genomic DNA digested by treating with a TURBO-DNAse free kit (Life Technologies). At this point, the RNA concentration was standardized to 10 mg/100 ml, incubated at 378C for 30 min, the reaction inactivated with 10 ml of inactivation buffer (supplied in the TURBO-DNase free kit) and the solution centrifuged for 90 s at 10 000g. The supernatants containing total cellular RNA (1 mg) were subjected to first strand complementary DNA (cDNA) synthesis using the high capacity cDNA MultiScribe TM Reverse Transcriptase Kit (Life Technologies) according to the manufacturer's protocol; incubation occurred with oligo-dT 16 as the primer at 258C for 10 min, 378C for 120 min, 858C for 5 min and then cooled to 48C. The cDNA was stored at 2208C.
Quantitative RT-PCR
qRT -PCR experiments were performed using the validated human endogenous control assay TaqMan w Array 96-well plates consisting of 32 reference genes (see Table I ; Bustin et al., 2009) 
GADD45A Growth arrest and DNA-damage-include, alpha NM_001199741 Hs00169255_m1
PUM1
Pumilio homolog 1(Drosophila) NM_ 001020658 Hs00206469_m1
PSMC4
Proteasome (prosome, Macropain) 26S subunit, ATPase, 4 NM_006503 Hs00197826_m1
EIF2B1
Eukaryotic translation initiation factor 2B, subunit 1 alpha, 26 kDa NM_001414 Hs00426752_m1
PES1
Pescadillo homolog 1, containing BRCT domain (zebra fish) NM_001243225 Hs00362795_g1 ABL1 V-abl Abelson murine leukaemia viral oncogene homolog 1 NM_005157 Hs00245445_m1 ELF1 E74-like factor 1 (ets domain transcription factor) NM_001145353 Hs00152844_m1
MT-ATP6
Mitochondrially encoded ATP synthase 6 NC_012920 Hs02596862_g1
MRPL19
Mitochondrial ribosomal protein L19 NM_014763 Hs00608519_m1
POP4
Processing of precursor 4, ribonuclease P/MRP subunit (S. cerevisiae) NM_006627 Hs00198357_m1
RPL37A
Ribosomal protein L37a NM_000998 Hs01102345_m1
RPL30
Ribosomal protein L30 NM_000989 Hs00265497_m1
RPS17
Ribosomal protein S17 NM_001021 Hs00734303_g1
Reference genes for qRT -PCR in endometrial cancer TaqMan w gene Expression Assay was purchased from Applied Biosystems by Life Technologies (Paisley, UK). CB1 (Hs00275634_m1), primers and probes were similarly purchased from Applied Biosystems by Life Technologies (Paisley, UK), as FAM/MGB dye-labelled probe. A reverse transcriptase (RT)-minus control and no template control (NTC) containing DNAse-free water instead of template mRNA were included in each run. No product was synthesized in the NTC and RT-minus controls, confirming the absence of contamination with exogenous DNA. All reactions were performed in the final volume of 20 ml consisting of 2 ml of cDNA, 8 ml of DNAse-free water and 10 ml of TaqMan w universal PCR Master Mix. The plates were run on a StepOne Plus instrument (Applied Biosystems by Life Technologies, Paisley, UK) and the thermal cycler profile was as follows: 2 min at 508C, 10 min at 958C, 40 cycles of 15 s at 958C and 1 min at 608C. All the reactions for the reference genes were performed in triplicate (biological and technical). (Andersen et al., 2004; Beekman et al., 2011; Pinto et al., 2012) .
Software determination of reference gene stability
Gene expression stability analysis
The gene expression (mRNA) stability analysis for the 32 endogenous reference control genes was obtained using the mean qRT -PCR threshold cycle (Ct) value, defined as the number of cycles required for the fluorescent signal to cross the threshold (i.e. 0.5 SD above background levels). The Ct values obtained were converted into quantitative relative expression values using the 2 2DDCt method (Penna et al., 2011) . In addition, the relative expression of CB1 was normalized against the recommended endogenous control that was obtained from our systematically validated endogenous control selection within the study environment.
Statistical analysis
Statistical analysis of the stability of putative reference genes and ranking was provided by geNorm qBasePLUS, NormFinder and BestKeeper. Expression of CB1 in the different sample groups and with the different putative normalizing genes were expressed as the mean (SEM) or mean (SD). Student's t-test (unpaired) and one-way analysis of variance (ANOVA) followed by appropriate ad hoc post analysis were performed using the Prism version 6.00 for Windows (Graph Pad, San Diego, CA, USA) and P , 0.05 was considered significant.
Results
Patient characteristics
Patient demographics are shown in Table II . There was no statistically significant difference in either age or BMI of any group when compared with the atrophic uterus (control) group; however, it should be noted that the sample number in each group was only 3. Biopsies were shown to be characteristic of the phase of menstrual cycle or atrophic using the criteria of Noyes et al. (1950) or malignant using the updated FIGO criterion (Mutch, 2009; Pecorelli, 2009 ). All endometrial cancer tissue was shown to consist primarily of proliferating glandular epithelial cells with scant contribution from stromal cells.
RNA quality and quantity assessment
The purity of the extracted RNA, as measured with a Nanodrop spectrophotometer, indicated good quality RNA with an absorbance ratio of 2.10 + 0.31 (OD A 260 /A 280 mean ratio + SD), indicating that all the samples were free from proteins potentially accruing during the RNA extraction step. The absorbance ratio at 260 and 230 nm was 2.19 + 0.43 (OD A 260 /A 230 mean ratio + SD) indicating that samples were free from contaminants. The average yield of RNA after the extraction was 1.17 + 0.61 mg/ml (mean + SD) and ranged between 0.125 and 3.038 mg/ml. viral oncogene homolog 1 (ABL1) showed expression levels (Ct) in the same range for both the normal (27.55 + 1.00) and malignant tissues (27.12 + 0.43). Interestingly, the expression level of CB1 in endometrial cancer was approximately in the same range as for normal endometrium, with a mean Ct value (+SEM) at 32.37 + 0.63. Using an unpaired Student's t-test, the Ct values of all the 32 potential endogenous control reference genes and CB1, between the endometrial cancer and normal endometrial tissues were compared. Statistically significant decreases (in normal endometrium tissues versus endometrial cancer) in the expression levels of the following reference genes were observed: GAPDH (P ¼ 0.0067), beta glucuronidase (GUSB) (P ¼ 0.0203), importin 8 (IP08) (P ¼ 0.0062), HMBS (P ¼ 0.0005), phosphoglycerate kinase (PGK1) (P ¼ 0.0067), transferrin receptor (TFRC) (P ¼ 0.009), ubiquitin C (UBC) (P ¼ 0.0123), YWHAZ (P ¼ 0.040), peptidylpropyl isomerase A (PPIA) (P ¼ 0.0132), cyclin-dependent kinase inhibitor 1A (CDKN1A) (P ¼ 0.0429), proteasome 26S subunit, ATPase, 4 (PSMC4) (P ¼ 0.009), Pescadillo homolog 1 (PES1) (P ¼ 0.0068), E74-like factor 1 (ELF1) (P ¼ 0.0205) and processing of precursor 4 (POP4) (P ¼ 0.0206). In contrast, the following reference genes, and the test gene CB1, did not differ in normal endometrium versus endometrial cancer tissues; 18S, hypoxanthine phosphoribosyl transferase (HPRT10, ACTB, beta-2-macroglobulin (B2M), ribosomal protein, large, P0 (RPLP0), TBP, Polymerase (RNA) II (DNA-directed) polypeptide A (POLR2A), cancer susceptibility candidate 3 (CASC3), cyclin-dependent kinase inhibitor 1B (CDKN1B), GADD45A, Pumilio homolog 1 (Drosophila) (PUM1), eukaryotic translation initiator factor 2B, subunit 1 alpha (EIF2B1), ABL1, mitochondrially encoded ATP synthase 6 (MT-ATP6), mitochondrial ribosomal protein 19 (MRPL19), ribosomal protein 37A (RPL37A), ribosomal protein L30 (RPL30), ribosomal protein S17 (RPS17).
Analysis of reference gene stability
The geNormPLUS (q base PLUS2 ) algorithm
The geNorm PLUS (q base PLUS2 ) algorithm determines the medium reference target stability measure (M ), as the average pair-wise variation of each reference gene in relation to all the other reference genes enabling the elimination of the least stable gene. This is followed by recalculation of the M values resulting in ranking of the most stable genes, i.e. the lower the M value, the higher the gene stability. The software indicates that a good stable reference gene should have an average geNorm M value ≤1.0 in a heterogeneous set of samples (Hellemans et al., 2007 (Fig. 1) . Analysis of the rank order indicated that MRPL19 and PPIA (M ≤ 1.0) were the two most stable genes in normal and cancer endometrium samples, and the two least stable genes were RPL30 and 18S. The commonly used b-actin (ACTB) and GAPDH reference genes were in the least stable (M ≥ 1.0) category, with M-values of 1.387 and 1.150, respectively. Furthermore, the geNorm PLUS (q base PLUS2 ) algorithm was used to calculate the minimum number of genes required for a reliable normalization factor, using the pair-wise variation V n /V n+1 between two sequential normalization factors (NF) NF n and NF n+1 . In addition, this software defines a pair-wise variation of 0.15 as the optimal cut off value, below which the inclusion of additional reference genes is unnecessary (Fig. 2) (Hellemans et al., 2007) . Gene stability analysis revealed that the optimal number of reference targets was five genes (geNorm V , 0.15 when comparing a normalization factor based on the five or six most stable targets The Ct values were obtained from the data output file of the StepOne Plus program. *P , 0.05; **P , 0.01; ***P , 0.001; unpaired Student's t-test endometrial cancer compared with normal endometrium. Exact P-values are shown in the final column.
optimal normalization factor would be the geometric mean of the reference targets PUM1, UBC, PGK1, MRPL19 and PPIA when based on the five most stable genes, or IPO8, PUM1, UBC, PGK1, MRPL19 and PPIA when based on the six most stable reference gene targets.
Normfinder algorithm
NormFinder uses a mathematical model which takes into consideration the intergroup and intragroup expression variations (stability) and then ranks them in order; the lower the stability value the better the reference Figure 1 geNorm analyses of reference genes. Medium reference target stability values (average geNorm M ≤ 1.0) are shown. Average expression stability values (M, y-axis) of 32 reference genes (x-axis) and the associated ranking from least to most stable expression (left to right). Results are presented according to the output file obtained from qBasePLUS2 software. The M ≤ 1.0 of average expression stability indicates more stable expression, using both normal (n ¼ 9) and malignant (n ¼ 15) endometrial samples. The gene names are: 18S RNA ribosomal unit 1 (18S), V-abl Abelson murine leukaemia viral oncogene homolog 1 (ABL1), beta actin (ACTB), beta 2-macroglobulin (B2M), cancer susceptibility candidate 3 (CASC3), cyclin-dependent kinase inhibitor 1A (CDKN1A), cyclin-dependent kinase inhibitor 1B (CDKN1B), eukaryotic translation initiator factor 2B, subunit 1 alpha (EIF2B1), E74-like factor 1 (ELF1), alpha growth arrest and DNA-damage include (GADD45A), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta glucuronidase (GUSB), hydroxymethylbilane synthase (HMBS), hypoxanthine phosphoribosyl transferase (HPRT1), importin 8 (IPO8), mitochondrial ribosomal protein L19 (MRPL19), mitochondrially encoded ATP synthase 6 (MT-ATP6), Pescadillo homolog 1 (PES1), phosphoglycerate kinase (PGK1), Polymerase (RNA) II (DNA-directed) polypeptide A (POLR2A), processing of precursor 4 (POP4), peptidylpropyl isomerase A (cyclophilin A) (PPIA), proteasome 26S subunit, ATPase, 4 (PSMC4), Pumilio homolog 1 (Drosophila) (PUM1), ribosomal protein L30 (RPL30), ribosomal protein 37A (RPL37A), ribosomal protein, large, P0 (RPLP0), ribosomal protein S17 (RPS17), TATA box-binding protein (TBP), transferrin receptor (TFRC), ubiquitin C (UBC) and tyrosine 3-monooxygenase (YWHAZ).
gene or reference gene combination (Normfinder, 2005) . NormFinder selected mitochondrial ribosomal protein L19 (MRPL19) with a stability value of 0.5353 as the single most stable gene and indicated that the best combination of two genes was importin 8 (IPO8) and cyclophilin A (PPIA) with a stability value of 0.3824 (Fig. 3) .
Bestkeeper algorithm
BestKeeper is a widely available software package used to generate the best stable reference genes, but has a limitation in that it can only work with 10 genes. Therefore, following the geNorm and NormFinder analyses for the most stable gene expression, the best 10 candidate reference control genes (MRPL19, ELF1, PPIA, PUM1, YWHAZ, PGK1, GUSB, IP08, UBC and EIF2B1) were chosen for assessment using the BestKeeper algorithm. Since BestKeeper calculates SD and the coefficient of variance (CV) based on raw Ct values, the average Ct values for each gene were calculated and imported to the Microsoft Excel-based BestKeeper application (Pfaffl et al., 2004) , where a SD ,1 indicates putative stably expressed genes. The software estimates the BestKeeper index (BI) as the geometric mean of the stable control genes' Ct values and then creates pair-wise correlations between each gene and the BI. Reference genes with the highest Pearson correlation coefficient (r 1) and probability (P) ,0.05 (Table IV) are then considered to be most stable. The best correlation between one endogenous reference control gene and the BI was obtained for MRPL19 (r ¼ 0.98), followed by ELF1, PPIA, PUM1 and YWHAZ, PGK1, GUSB, IPO8, UBC and EIF2B1. BestKeeper analyses revealed that MRPL19 (SD 1.66) was the gene with the lowest overall variation, followed by PUM1 (SD 1.73), IPO8 (SD 1.79) and PPIA (SD 1.81), whereas GUSB was the highest (SD 2.21) ( Table IV) .
The effect of using individual reference genes to normalize data for genes of interest
The expression levels of CB1 in the malignant endometrial tissue (study group) compared with the normal endometrium (control group) following normalization with each of the 32 potential reference genes are shown in Figs 4 and 5. The data indicate that relative CB1 mRNA expression levels were unchanged, decreased or increased, depending on the reference gene selected. The relative expression, normalized by geometric means of individual endogenous control reference genes (CDKN1A, PES1, PGK1, POP4, PPIA, PSMC4, PUM1, GAPDH, GUSB, HMBS, RPS17, TFRC, UBC, YWHAZ, ELF1, MRPL19 and IP08) showed statistically significant (P , 0.05) down-regulation of CB1 in the endometrial cancer tissues. In contrast, when CB1 was normalized against the endogenous control reference genes MT-ATP6, CASC3, CDKN1B, POLR2A, GADD45A, HPRT1, 18S, ACTB, ABL1, B2M, EIF2B1, RPL37A, RPLP0, TBP or RPL30 the difference between normal and malignant tissue was not statistically significant. The mean Ct values for CB1 expression (+SD) were 30.26 + 0.26 for normal endometrium (n ¼ 9) and 34.37 + 2.60 for the endometrial cancer samples (n ¼ 15). . Determination of the optimal number of reference genes for normalization depends on pair-wise variation (V ) analyses, using both normal (n ¼ 9) and malignant (n ¼ 15) endometrial samples. The x-axis represents the incremental combination of reference genes from V2/3 to V31/32. The most stable combination with the least number of genes is V4/5 and V5/6. The threshold at 0.15 geNorm V is indicated with a darker horizontal line.
Reference genes for qRT -PCR in endometrial cancer
Expression stability of putative reference genes recommended by the three software packages
In order to test the effects of using combinations of reference genes on the gene expression profiles, the relative expression of CB1 mRNA in the endometrial cancer tissues (study group) and the normal endometrium (control group) was calculated using the recommended combinations of genes from the three software packages, geNorm, NormFinder and BestKeeper. The relative expression of CB1 using PUM1, UBC, PGK1, MRPL19 and PPIA as the best reference gene combinations recommended by geNorm-qBasePLUS, revealed statistically significant (P ¼ 0.0067) down-regulation of CB1 in malignant tissue (Fig. 6A ).
CB1 expression was also significantly (P ¼ 0.0027) down-regulated in malignancy when normalized against the single best gene (MRPL19), as recommended by NormFinder and BestKeeper (Fig. 6B) . Furthermore, using the best two-gene combination recommended by NormFinder (IP08 and PPIA), CB1 expression was also significantly (P ¼ 0.0067) down-regulated in the malignant samples (Fig. 6C) . Interestingly, the statistically significant values following the normalization recommended by geNorm and Normfinder (two best combination genes) were similar. The normalized CB1 expression data using the genes recommended by the three software packages are displayed in Fig. 6 .
The effect of using three endogenous control reference genes (MRPL19, IP08 and PPIA) for normalization Finally, when the expression levels of MRPL19, PPIA and IP08 were combined and evaluated as the endogenous control for normalization of CB1 transcript levels (Fig. 6D) , the data showed that there was a statistically significant (P ¼ 0.0004) decrease in CB1 expression in the endometrial cancer tissues when compared with the normal endometrium (control group). This is further illustrated in Fig. 6A -D where the P-values for the difference in CB1 expression depended on the number of endogenous control genes and type of endogenous control used, with the expression of CB1 transcripts being most significantly (P , 0.0001) down-regulated when normalized against the geometric mean of MRPL19, IPO8 and PPIA. The P-value of this normalization manipulation was lower than any other combination of endogenous control genes, suggesting that these three genes provide the best normalizer of gene expression for studies of human endometrial cancer, when normal endometrial tissue is used as the control.
Discussion
qRT-PCR is a robust and sensitive technique often used to determine small changes in gene expression profiles in diverse tissues. It is especially useful when tissue samples are scarce (as for a less common form of cancer), small or difficult to obtain because the malignant tissue is small or intermingled with other non-malignant tissues, as in the case of some endometrial cancers or normal endometrial biopsies. However, to generate valid data from such studies, the correct endogenous control reference gene(s) for normalization of data must be found, since failure to do so may lead to erroneous conclusions. The use of the correct endogenous control reference gene(s) for normalization in qRT -PCR experiments has been the subject of vigorous debate (Thellin et al., 1999) , with the advantages and disadvantages discussed (Bustin, 2002) , even given the MIQE guidelines (Bustin et al., 2009) . Several studies have shown differences in the stability of reference genes in a variety of tissues (Hoogewijs et al., 2008) and also in the same tissues under different conditions (Nelson, 2004) , therefore, defining the experimental conditions is important for the appropriate selection of the correct reference genes. In this study, normal endometrial tissues showed wide variations in housekeeping gene Ct values ranging from 13.31 to 31.39, with the highest expression of 18S and the lowest expression of HMBS. Overall levels of Ct values in endometrial cancer revealed that 18S was also the most abundant, whilst TBP and GADD45A showed lowest expression. This observation is expected because 18S is a ribosomal RNA (rRNA) whereas all other genes used are transcribed to produce mRNA. This discourages many from using 18S as an endogenous reference to normalize gene expression data, as the proportion of rRNA to mRNA is very high (rRNA more than 80% of total versus 1-4% mRNA), resulting in a false sense of security when using 18S. However, as this study found, 18S was the least stable endogenous reference gene, indicating that the rRNA machinery could be dramatically affected in endometrial cancer. Additionally, a wide variation in Ct values was observed among the normal and cancer endometrial samples for all the individual putative reference genes. These wide variations may be due to the effect of cancer on the modulation of Figure 4 The relative expression of cannabinoid receptor 1 (CB1) in endometrial carcinoma using the first set of 16 endogenous controls reference genes as an internal control. Samples used for analysis were from the endometrial carcinoma (EC; Type 1 and 2) and normal endometrium (NE; atrophic, secretory and proliferative) used as the control (n ¼ 3 in all cases). Relative expression of CB1 was statistically significantly lower (P , 0.05) when ribosomal protein S17 (RPS17), tyrosine 3 monooxygenase (YWHAZ) or E74-like factor 1 (ELF1); (P , 0.001) when transferrin receptor (TFRC), ubiquitin C (UBC), mitochondrial ribosomal protein 19 (MRPL19) or importin 8 (IPO8), were used as the single internal control reference gene. Unpaired Student's t-test was used for the statistical analysis. The non-colour graphs using eukaryotic 18S ribosomal RNA (18S), beta actin (ACTB), v-abl Abelson murine leukaemia viral oncogene homolog 1 (ABL1), beta-2-macroglobulin (B2M), eukaryotic translation initiator factor 2B, subunit 1 alpha (EIF2B1), ribosomal protein 37A (RPL37A), ribosomal protein, large, P0 (RPLP0), TATA box-binding protein (TBP) or ribosomal protein L30 (RPL30) as the internal control gene did not reach statistical significance.
Reference genes for qRT -PCR in endometrial cancer gene expressions of the 32 potential reference genes that have diverse cellular functions. These data therefore support the recommendation that arbitrary selection of a single reference gene is not appropriate (MIQE guidelines (Bustin et al., 2009) ) and should be avoided, because these reference genes may be differentially regulated and thus increase the risk of producing false data. Furthermore, the normalizing gene Ct values should be close to that of the target gene (Dheda et al., 2004) . The three software programs employed here use different mathematical models for the identification of the most stable reference gene, either alone or in combination with others (Pfaffl et al., 2004; Normfinder, 2005; Hellemans et al., 2007) . Interestingly, there were only minor variations noted in the ranking of the individual reference genes and whilst geNorm indicated that the optimal reference target selection was achieved using 5 or 6 of the most stable reference genes (IPO8, PUM1, UBC, PGK1, MRPL19 and PPIA), NormFinder identified MRPL19 as the single most stable gene, while the best combination of two genes was IPO8 and PPIA. The data from BestKeeper were similar to that generated by NormFinder, indicating that MRPL19 was the best single stable reference gene, followed by ELF1 and PPIA. Thus, from the analysis of all three software packages, MRPL19 and PPIA emerged as the most stable normalizer genes. Although the overall ranking of the 32 reference genes using geNorm and Normfinder was different, the worst genes were the same. The results of the NormFinder analysis identified RPL30 and 18S as the least stable genes, which was similar to the geNorm software results.
The MIQE guidelines state that improved normalization is possible when the use of one reference gene is changed to that of multiple endogenous control reference genes, because it is unlikely that a single Figure 5 The relative expression of CB1 in endometrial carcinoma using the second set of 16 endogenous controls reference genes as an internal control.
Details of the analyses are the same as that described in the legend to Fig. 4 . Relative expression of CB1 was significantly lower (P , 0.05) when cyclindependent kinase inhibitor 1A (CDKN1A), Pescadillo homolog 1 (PES1), phosphoglycerate kinase (PGK1), processing of precursor 4 (POP4), peptidylpropyl isomerase A (PPIA), proteasome 26S subunit (PSMC4), Pumilio homolog 1 (PUM1) or beta glucuronidase (GUSB); (P , 0.001) when glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or hydroxymethylbilane synthase (HMBS) were used as the single internal control reference gene. Unpaired Student's t-test was used for the statistical analysis. The non-colour graphs using mitochondrially encoded ATP synthase 6 (MT-ATP6), cancer susceptibility candidate 3 (CASC3), cyclin-dependent kinase inhibitor 1B (CDKN1B), polymerase (RNA) II polypeptide A (POLR2A), alpha growth arrest and DNA-damage-include (GADD45A) and hypoxanthine phosphoribosyl transferase (HPRT1) as the internal control gene did not reach statistical significance.
reference gene would provide an ideal endogenous control (Bustin et al., 2009) . Similarly, the optimal normalization factor calculated by using a combination of genes would thus produce more accurate data, as this is more likely to minimize gene-to-gene and sample-to-sample variation. To evaluate the normalization effects of various reference genes on gene expression profiles, the expression of CB1 mRNA was determined using each of the 32 reference genes as the endogenous control. CB1 was selected because it is expressed in endometrial cancer (Guida et al., 2010) and is known to be regulated at the transcript (Gebeh et al., 2012b) and protein level throughout the menstrual cycle (Taylor et al., 2010) and because our research group has a specific interest in the regulation of mammalian reproduction and sex steroid hormone-dependent cancers by the endocannabinoid system.
The results for the endometrial cancer samples indicated that CB1 mRNA level appeared either unchanged, up-regulated or downregulated compared with normal endometrial samples depending on the individual reference gene selected; supporting our original assertion that selection of the correct reference gene or combination of reference genes is critical to obtaining the correct expression profile. Indeed, in other tissues, such as the testis (Svingen et al., 2014) and Fallopian tube (Gebeh et al., 2012a) , the numerous different cell types can dramatically alter gene expression profiles. Thus, the selection of endogenous reference genes and more importantly, how these should be combined, becomes a critical first step in studies involving gene expression profiling of dynamic tissues, such as those of the reproductive tract or those affected by rapid proliferation, such as malignant tissues. To the best of our knowledge, this is the first study that has systematically assessed the most commonly used endogenous control reference genes for normalization of qRT -PCR investigations in malignant and normal endometrial samples.
In summary, a TaqMan w gene Expression Assay panel of 32 endogenous control reference genes, which represent different gene families and functional classes for use as reference genes to normalize the qRT-PCR data, were evaluated either alone or with all three commonly available Figure 6 Relative CB1 expressions in endometrial carcinoma using the indicated combinations of genes for normalization from the three software packages. Samples from the endometrial carcinoma group (EC; Type 1 and 2) were compared with the normal endometrium group (NE; atrophic, secretory and proliferative phases) (n ¼ 3 in all cases). Data are presented as the mean + SD; **P , 0.001; ***P , 0.0001, unpaired Student's t-test. The data above each graph indicate the software used and the box below each graph indicates the predicted best gene or gene combinations.
Reference genes for qRT -PCR in endometrial cancer software packages (geNorm, NormFinder and BestKeeper) to ascertain the best endogenous control reference genes. The study environment consisted of multiple patient groups and in addition had within group variation. This was demonstrated by the average Ct values (Table III) and by the BestKeeper analysis (Table IV) , where there was a significant difference in the average Ct values between normal and malignant tissue and the SD of all best endogenous reference genes were greater than 1, when an SD ,1 was considered to be a good indicator, when using BestKeeper software. Therefore, taking into account this factor, we discovered that the NormFinder software package was the most robust method of evaluating reference gene stability because it takes into consideration both the inter-and intra-variability during stabilization assessment, where BestKeeper does not. Using NormFinder, MRPL19 was revealed to be the best single reference gene and that PPIA and IP08 are the best two-gene combination. To validate the best stable endogenous control to use in our study environment, MRPL19, PPIA and IP08 were combined and used to normalize the expression of our gene of interest (CB1) and showed that CB1 expression is reduced in endometrial cancer. It is thus our recommendation that when comparing gene expression in normal and malignant endometrial tissues by qRT -PCR, the most reliable normalization is achieved when using a combination of MRPL19, PPIA and IPO8 as the endogenous reference genes.
